We look for possible spectral features and systematic effects in Fermi-LAT publicly available highenergy gamma-ray data by studying photons from the Galactic centre, nearby galaxy clusters, nearby brightest galaxies, AGNs, unassociated sources, hydrogen clouds and Earth Limb. Apart from already known 130 GeV gamma-ray excesses from the first two sources, we find no new statistically significant signal from others. Much of our effort goes to studying Earth Limb photons. In the energy range 30 GeV to 200 GeV the Earth Limb gamma-ray spectrum follows power-law with spectral index 2.87 ± 0.04 at 95% CL, in a good agreement with the PAMELA measurement of cosmic ray proton spectral index between 2.82-2.85, confirming the physical origin of the Limb gamma-rays. In small subsets of Earth Limb data with small photon incidence angle it is possible to obtain spectral features at different energies, including at 130 GeV, but determination of background, thus their significances, has large uncertainties in those cases. We observe systematic 2σ level differences in the Earth Limb spectra of gamma-rays with small and large incidence angles. The behaviour of those spectral features as well as background indicates that they are likely statistical fluctuations.
I. INTRODUCTION
The existence of cold dark matter (DM) of the Universe [1] is verified beyond any reasonable doubt [2] . The leading paradigm is that the DM consist of weakly interacting massive particles (WIMPs) whose thermal relic abundance is predicted to be around the observed value if WIMP mass is O(100) GeV. Today the nature and properties of the DM particles are not known. In comparison with other search methods for the DM, somewhat unexpectedly the indirect searches for DM annihilations/decays in cosmic rays have generated lots of activity in the field during last few years [3] .
As a new development in DM indirect searches a 130 GeV gamma-ray line [4, 5] has been observed in Fermi-LAT [6] publicly available data first from the Galactic centre [7] [8] [9] [10] and then from the six nearby galaxy clusters [11, 12] consistently with Fermi-LAT constraints [13] . In addition, an evidence for a double peak structure in photons from Fermi unassociated sources has been claimed [18] . However, this result has been criticized by analyzing the low energy [19, 20] as well as the high energy [21] Fermi data. Both the Galactic centre and the galaxy clusters are known to be DM dominated objects and the most promising known places for searches for DM signals. The coincidence of the two excesses both in shape and in energy suggest that they both originate from DM annihilations (disfavouring DM decays due to large boost factor in galaxy clusters) [11] . The expected signal from nearby dwarf galaxies is too weak for detection with present Fermi-LAT statistics [12, 14] . The improved Fermi-LAT energy resolution and larger statistics would eventually allow one to tell whether the observed 130 GeV peak is a single monochromatic gammaray line [8, 9] , perhaps from internal brehmstrahlung [7] , two narrow lines from γγ and Zγ final states [10, 15, 16] or a narrow box-like spectrum [17] . The observed spectral feature is shown not to be consistent with broad photon spectra induced by conventional DM annihilation modes [22] to charged standard model (SM) particles or with broad box like spectrum predicted by DM annihilations via light intermediate states [23] . Additional constraints occur from soft secondary spectrum induced by Z, H or other non-stable final state particles [24] . This result imposes severe constraints on building models of DM with those properties . Future observations are able to distinguish between those scenarios definitively [63] [64] [65] [66] .
Although the observed 130 GeV gamma-ray excess in Fermi-LAT data is perfectly consistent with the DM annihilation scenario, one should worry whether this actually is a signal of new physics or not. It is not excluded that this excess is just an upward fluctuations of the background [67] or a systematic detector effect. Although the Fermi-LAT detector is calibrated both with Monte Carlo and with real data [68] , and the available datasets are reconstructed accordingly, there is still a possibility that some systematic instrumental feature affects the photon spectrum at very high-energies. If one finds that the observation indeed represents a true signal, one should still be worried whether Fermi-LAT sees some new astrophysical phenomenon [69, 70] or new physics beyond the SM. Comparison of data obtained from different sources allows one to address those questions.
The aim of this work is twofold. First, we search for and study spectral features in gamma-rays coming from several known cosmological objects like nearby galaxies, dwarf galaxies, active galactic nuclei (AGN), molecular hydrogen clouds, compact high-velocity clouds, Earth albedo and Earth Limb in addition to the galactic centre and galaxy clusters. If the 130 GeV feature is also seen in data from any of those places, this would allow us to study and to understand the origin of the peak. Second, we search for possible detector dependent systematic effects in the available gamma-ray data by comparing gamma-ray spectra from different sources. Our aim is to find out whether the 130 GeV excess could show some systematic instrumental featrures. When doing that we focus on the possible dependence of the gamma-ray spectra on spatial origin, on the incidence angle θ and the zenith angle Z. The first choice is motivated by the fact that the 130 GeV excess is seen only in very particular places in the sky not in all data. The second choice is motivated by the possible presence of a 130 GeV spectral feature also in the Earth Limb data [71, 72] . If true, this would be a surprising result since this data is used to calibrate the Fermi LAT detector [68] and no spectral features are seen by Fermi-LAT Collaboration in the early data [73] . Therefore a careful study of possible systematic dependences of the available gamma-ray spectra on θ and on Z is well motivated.
We find no statistically significant spectral features in the gamma-ray spectra in any of the above mentioned new sources. Therefore we proceed to detailed studies of Earth Limb gamma-rays. No spectral features occur in the total Earth Limb gamma-ray data that follows a power-law with spectral index 2.87 ± 0.04 at 95% CL. This is in a perfect agreement with the PAMELA measurement of diffuse cosmic ray proton flux at Earth with the spectral index 2.82-2.85, depending on the considered energy range [74] , confirming the physical origin of the Limb photon flux.
We note that the gamma-ray data from the Earth Limb is obtained in different Fermi observation modes. Statistically dominant Earth Limb data is obtained during the normal survey mode of LAT and is featured by very large incidence (off-axis) angle θ and the zenith angle 110
• < Z < 114
• . In the normal survey mode this signal is considered as a very bright Earth atmosphere background to cosmological observations and is cut out by requiring small values of the zenith angle. An order of magnitude smaller fraction of Earth Limb data is collected during special observation periods when the LAT is facing Earth, possibly observing objects close to the atmosphere. One can analyze those sets of data separately to search for possible systematic effects. We study an incidence angle and time dependences of the Earth Limb signal. We find that in some cases spectral features occur in the statistically limited gamma-ray spectra. However, in those cases also determination of the background suffers from large fluctuations. We observe some difference in spectral indices of large and small incidence angle photons from Earth Limb. This effect may be due to small statistics of the latter dataset since, if present, it should be a detector effect. We conclude that the observed trends in the statistically limited small incidence angle Earth Limb data contradict trends in much larger survey mode data, and are most likely just statistical fluctuations. New dedicated Fermi-LAT observations of the Earth Limb could resolve this issue.
Similarly, we do not observe any obvious systematic effect that could discriminate the 130 GeV peak photons from the background ones, in agreement with the findings of Ref. [75] . The 130 GeV gamma-ray peak occurs in some spatial regions and does not occur in others, showing no systematic features in any parameter. Although the observed excess over the power-law background cannot be explained with systematic instrumental effects, we still can speculate that its peak-like shape might be due to a systematic deficit at 105 GeV. In this case the deficit must be nontrivially correlated with an increase of charged cosmic ray fluxes from the directions that show the gamma-ray excess causing the detector effect. We find this possibility unlikely since the peak-like excess has also observed in a stacked data from many directions.
The paper is organized as follows. In section II we present details of our data analyses. In section III we present our results. We conclude in section IV.
II. DATA ANALYSES
In the present analysis, we consider the public Fermi-LAT [6] photon event data of 210 weeks (from 4 Aug 2008 to 5 Aug 2012) within energy region from 20 to 300 GeV. We apply the recommended quality-filter cut DATA QUAL = 1, LAT CONFIG = 1. We make use of the ULTRACLEAN events selection (Pass 7 Version 6), in order to minimise potential systematical errors. We also tested CLEAN and SOURCE events selections, having negligible effect to our results. The selection of events was performed using the 18 April 2012 version of ScienceTools v9r27p1.
For Earth Limb analyses we use the zenith-angle region 110
• : most of the Limb photons come from the region 112 ± 1
• . Angle θ is the incidence angle between the photon and the axis of the telescope also called the off-axis angle: for θ = 0
• photons go directly to the telescope. The Earth Limb photons are divided into two subsets. For the first subset, which are collected during the all-sky scanning survey, ABS(ROCK ANGLE) < 52. All Earth Limb photons that come more-or-less directly to the telescope are from observations where ABS(ROCK ANGLE) > 52
• . When analyzing other regions than Earth Limb, we apply the zenith-angle cut θ < 105
• in order to avoid contamination from the Earth photons, as recommended by the Fermi-LAT team.
To avoid the effect of point sources we exclude photons that are within an energy-independent cut radius of each source. We used all (1873) sources from the LAT 24 month catalog [76] . The cut radius is considered 0.2
. In addition, we tested the radii 0.15 • , 0.25 • and 0.5
• resulting no significant effect on final results. To avoid contamination with Galactic plane, we exclude all photons with |b| < 5
• . We use kernel smoothing method to fit the gamma-ray data. This method should be optimal for searching for peak-like spectral features. For technical details we refer the reader to Ref. [9] . However, we note that we have updated our analyses compared to Ref. [9] using new improved Fermi-LAT energy resolution and calibrated data taking into account angular dependences presented in Ref. [68] . The errors to the fitted spectra as well as to the power-law fits are calculated with bootstrap. All errors in this work are at 95% CL (2σ).
III. GAMMA-RAY SPECTRA, POSSIBLE SYSTEMATICS AND CORRELATIONS
A. Search for spectral features from various sources and systematics
We searched for the 130 GeV peak in gamma-rays from several sources: from nearby bright galaxies (extracted from 2MASS galaxy redshift catalogue [77] ), dwarf galaxies, bright AGNs [78] , and from compact high-velocity clouds [79, 80] . From all these sources we stacked the signal as we did in the case of studying the signal from galaxy clusters [11] . Additionally, we looked the signal from Andromeda and Crab nebula. None of these sources yield statistically significant signal of the 130 GeV gamma ray line. However, for completeness we note that in the case of nearby molecular clouds, recently studied by Fermi-LAT Collaboration [81] , we do observe a peak-like feature at 130 GeV with statistical significance less than 2σ. Most likely this is nothing but a statistical fluctuation.
So far the 130 GeV excess has been claimed from the Galactic centre, nearby galaxy clusters, from several small regions in the Galaxy listed in Ref. [9] and from some unassociated Fermi sources [18] . It is tempting to associate the last two classes of sources with DM subhaloes. However, those may also be just statistical fluctuations. At the same time, the overall integrated cosmic gamma-ray spectrum defined by θ < 62
• , Z < 105
• , pre- sented in Fig. 1 with a blue line, does not show any excess at 130 GeV. It follows a power-law spectrum with spectral index 2.58 ± 0.03 and appears as a background to the observed 130 GeV excesses. The 2σ error band is also presented in Fig. 1 with a grey band. In addition, there are several bright region in the sky, some of them are listed in Table I for comparison with the similar regions listed in Ref. [9] , that do not show any 130 GeV excess in the spectrum. Comparing results from all those places does not allow us to propose any logically consistent way to explain the 130 GeV peak with systematic detector effect. First, it is difficult to explain why the detector effect must give an excess. Second, we see no correlations of the the excess with any particular direction, with the the incidence angle nor with the number of photons from the signal region. The 130 GeV line seems to be a real excess.
Although explaining the 130 GeV excess over the power-law background due to systematic detector effects seems to be disfavoured, one can still assume that the excess is due to new source of high-energy gamma-rays but its peak-like shape is a detector effect. This assumption implies that the excess is broad but there is a systematic deficit around photon energies 105 GeV that produces peak-like spectrum. For DM scenarios this scenario would imply that most of DM annihilation modes that induce broad spectrum can explain the excess. However, similarly to the previous case, this scenario is also disfavoured by non-observation of 105 GeV deficit in data from other sources. However, such an effect might be correlated with charged cosmic ray fluxes and requires dedicated studies. • collected during the normal cosmic survey mode. The green (dark) bars correspond to N = 7467 small incidence angle photons collected when the detector faces Earth.
B. Limb photons and possible systematics
Earth atmosphere is a bright source of high-energy gamma-rays that is a background for cosmic observations. Therefore in the cosmic observation mode the detector faces away from the Earth. Above E γ > ∼ 1 GeV, the brightest region in the Earth atmosphere is its Limb in which the diffuse cosmic rays, dominated by protons, collide with the outer layer of the atmosphere producing gamma-ray flux. The Fermi-LAT sees the photons which are directed to the detector. Moving in the direction of the Earth itself the atmosphere starts to absorb all cosmic rays and the Earth albedo has only a soft photon spectrum. Because of this production mechanism, the Earth Limb signal in gamma-rays is expected have approximately the same spectral index as the diffuse proton flux at the Earth. The latter is measured with very high precision by PAMELA satellite yielding the following values of spectral index¿ [74] , γ p = 2.820 ± 0.004 for 30 GeV < E < 1.2 TeV, γ p = 2.850 ± 0.016 for 80 GeV < E < 230 GeV, (1) depending on the proton energy ranges.
In this work we consider Earth Limb to correspond to the zenith angles 110
• . In fact most of the Limb photons come from the region Z = 112 ± 1
• . We plot in Fig. 1 the gamma-ray flux from Earth Limb as a function of the photon energy together with 2σ error band. The Earth Limb data follows a featureless power law with spectral index 2.87 ± 0.04. This is in a good agreement with Eq. (1). Since the two experiments, Fermi LAT and PAMELA, measure the same spectral index for the Earth Limb gamma-ray and for the proton fluxes, respectively, we conclude that the production mechanism for Earth Limb gamma-rays is in good agreement with theoretical prediction. Notice also that both the cosmic background and Earth Limb spectra in Fig. 1 are featureless, both datasets contain approximately the same number of photons, and their spectral indices are clearly different. Thus the physical origin of the two spectra are different.
During the normal Fermi-LAT cosmological survey mode (rock angle < 52
• ) the detector is facing away from the Earth and Earth Limb photons arrive to the detector only at very large incidence angles. At the same time there exist Limb data collected when detector faces the Earth atmosphere, rock angle > 52
• . To demonstrate how the Limb data is collected over the time we present in Fig. 2 the time histogram of the collected number of photons divided by the incidence angle. Photons with θ > 55
• vastly dominate the data (N = 64738) while the number of photons collected when LAT faces Earth, θ < 55
• , is an order of magnitude smaller, N = 7467. The Earth Limb spectrum in Fig. 1 is entirely dominated by the large incidence angle photons. In the following we study whether the spectrum depends on the incidence angle or not.
We divide the Earth Limb photons into four datasets by the incidence angle and plot the corresponding spectra against the photon energy in Fig. 3 . Normalizations are arbitrary, the number of photons and their best fit powerlaw spectra are also presented. The shaded areas show 2σ error-bands calculated with bootstrap technique as described in [9] . Clearly the statistically dominant datasets corresponding to 60
• < θ < 75
• agrees well with the total spectrum in Fig. 1 . However, the spectra for small incidence angle show spectral features at high energies. • < θ < 45
• for two zenit angle ranges 110 • < Z < 112
• and 112 • < Z < 114
• together with their best power-law fits. The latter are for photon energies E < 80 GeV.
In particular, the 15
• < θ < 30
• dataset shows a peak at 150 GeV, the 45
• < θ < 60
• dataset shows a deficit at 105 GeV and the 30
• < θ < 45
• dataset shows a peak at 130 GeV. The existence of the latter peak has been used by several people anonymously (by our referees) and publicly (private discussions) to argue that its existence may indicate that the 130 GeV peak from the Galactic centre cannot be physical. Notice also that the spectral index of the best power-law fit to Earth Limb data with small θ is systematically smaller than 2.87 ± 0.04 that is the spectral index for the large incidence angle Earth Limb data. This affects calculations of the statistical significances of the spectral features in Fig. 3 . Clearly, the 130 GeV peak (red line) is statistically insignificant (∼ 2.7σ) when compared with the power-law fit to 30
• data (spectral index γ = 2.78 +0.15 −0.17 ) but looks much more significant (∼ 3.5σ) over the fit to 60
• data with γ = 2.90±0.04. However, the errors are large because the datasets are small, and the fits in Fig. 3 are consistent with each other at 2σ level.
Because the statistics is poor for θ < 60
• and because there is no clear systematic feature shared by all the lines in Fig. 3 , our first explanations to those findings is statistical fluctuation. To study those features further we concentrate on the incidence angle region 30
• and split the gamma-rays from that region into two datasets according to their origin from either from the inner or the outer half of the Earth Limb corresponding to 110 • < Z < 112
• , respectively. The results are presented in Fig. 4 . The two spectra have opposite behaviour at 80 GeV and different shapes of excesses between 100-130 GeV. At larger photon energies the fluctuations become large due to the lack of statistics. Assuming that up to the photon energies E < 80 GeV the statistics is sufficient for determining the power-law fit to data, we also present those fits in the figure. The spectral • , collected by Fermi-LAT during three equal time intervals. The best power-law fit to all θ < 55
• Earth Limb data is shown in dotted line.
indices of those are quite different but consistent within errors. Because no systematic difference in the behaviour of the Limb photons is expected for 110
• < Z < 112
• and for 112
• , those results indicate fluctuations due to limited statistics.
To study the time dependence of the spectral features we split the Earth Limb data with small incidence angles, θ < 55
• , presented with green bars in Fig. 2 , into three datasets according to the time the events are recorded. The time intervals are all equal but the number of recorder photons depends on the time interval. The resulting spectra are plotted in Fig. 5 . In addition we plot in Fig. 5 the best power-law fit to the total Earth Limb data with θ < 55
• . The resulting spectral index is γ = 2.76 ± 0.09 that should be compared with the spectral index of the fit to all Earth Limb data γ = 2.87±0.04 plotted in Fig. 1 . The two agree within 2σ errors. Such a systematic dependence of the power-law spectral index on the incidence angle is qualitatively observed by Fermi and we used the results presented in Ref. [68] to calibrate data. However, we find that this is quantitatively just a small effect that cannot explain our finding. The trend that the small and the large incidence angle gamma-rays tend to follow somewhat different power-law is a possible systematic feature in the data.
IV. DISCUSSION
The 130 GeV gamma-ray excess from the Galactic centre, that is statistically the most significant one so far, is visible only in photons coming to the detector with small incidence angles. We took the photons from Galaxy centre with θ > 55
• and we do not observe any peak signal in this case. However, the number of photons for this data sample is relatively small and we cannot draw any statistically meaningful conclusion. Studies of the Earth Limb photons in this work show the same behaviour: the gamma-rays coming to the detector at small off-axis angle may show possible spectral features demonstrated in Figs. 3-5 while the gamma-rays coming to the detector at large off-axis angle do not show any spectral features, see Figs. 1 and 3 . However, the crucial difference between those two cases is that for the Galactic centre signal the θ < 55
• data is statistically absolutely dominant while for the Earth Limb signal the data is statistically dominated by θ > 55
• photons. The total Earth Limb signal follows featureless power-law which spectral index 2.87 that agrees very well with the PAMELA measurement of the diffuse proton spectral index at Earth. We believe that this coincidence is not an accident but a confirmation of the theoretical prediction that the Earth Limb photon spectrum must have the same spectral index as the dominant charged cosmic ray background. Therefore, the Earth Limb data confirms the known physics.
Small fraction of Earth Limb data is collected when Fermi-LAT has observed objects close to the Earth atmosphere. In this case photons arrive to the detector at small incidence angle. We studied this subset of data in order to find spectral features and systematic effects in the data. As seen in Figs 2. The small incidence angle data is collected when observing objects close to the Earth atmosphere. It is possible that those observations are contaminated by photons coming either from those or other cosmological objects or by diffuse gamma-rays from the background. We do not observe any distinct bright regions in the Limb signal and disfavour this explanation.
3. The spectral features could be systematic detector effects due to charged cosmic rays. For example, if the charged cosmic ray flux from some particular direction is higher than the usual background, the detector may systematically not register incoming photons. For example, one could argue that there is a deficit of gamma-rays with 105 GeV energy. However, this would imply that there are preferred directions in the diffuse proton flux at Earth that radiate more cosmic rays than others. We are not aware of those effects.
Our favourite explanation is the first one.
V. CONCLUSIONS
We have searched for the 130 GeV gamma-ray peak in photons from several nearby cosmological objects and found no new candidates in addition to the known ones. We also searched for possible systematic effects in the 130 GeV photons and could not identify any. The 130 GeV gamma-ray signal seems to be a real excess over the power-law background. We studied gamma-rays from Earth Limb most extensively and found that the Earth Limb signal confirms the known physics -the flux from the Limb follows featureless power-law with the spectral index equal to the one measured by PAMELA for the diffuse proton flux. This is approximately the theoretical prediction for the Earth Limb gamma-rays. We have studied in detail the possible presence of spectral features in subsamples of Earth Limb data featured by small photon incidence angles. The behaviour of those spectra indicates that the spectral features in our Figs. 3-5 are most likely statistical fluctuations due to small number of photons in those datasets.
An independent analyses of Earth Limb data with similar conclusions on the 130 GeV peak as a systematic effect will appear simultaneously with this paper [82] .
